Introduction
============

Photothermal therapy (PTT) has been considered as a minimally invasive means of cancer therapy, which generally employs photo-absorbing agents to generate heat under photoirradiation [@B1]-[@B3]. In the past decades, several types of agents with strong near-infrared (NIR) absorbance have been explored as the photo-absorbing candidates for PTT, such as cyanine dyes, gold nanoparticles as well as graphene oxide [@B1], [@B4]-[@B6]. Generally, PTT often requires sufficient tumor accumulation of these photo-absorbing agents to reach sufficient hyperthermia (\>42 °C) for triggering photothermal effect after imaging-guided tumor identification and localization. However, even though PTT is highly effective to inhibit tumor growth, it is possible to cause residual cells surviving from photothermal injury and subsequent tumor re-growth upon insufficient tumor accumulation of the photo-absorbing agents [@B4], [@B5], [@B7]. Consequently, it is still a major challenge to achieve tumor eradication without tumor re-growth using PTT in the field of cancer therapy.

Recently, PTT-based multimodal therapy has been found to provide preferable efficacy than respective monotherapy, implying that multimodal therapy may achieve better therapeutic efficacy [@B5], [@B7]-[@B10]. Ideal multimodal therapy such as the combination of PTT and chemotherapy is expected to generate not only combinational effect, but also synergistic effect to achieve unprecedented therapeutic outcome such as the eradication of residual cells surviving from PTT. So far, there are only a few investigations on intracellular synergism between various anticancer agents owing to the absence of the synergistic mechanism [@B4], [@B11]. It is thus intriguing to explore a new synergistic mechanism of PTT-based multimodal therapy.

Cyanine dyes possess promising photothermal effect without safety concern compared to inorganic photo-absorbing nanomaterials [@B3]. In particular, cyanine dyes such as indocyanine green (ICG) as clinically potential agents display multifunctional properties including fluorescent emission of above 800 nm and generation of singlet oxygen in addition to photothermal effect [@B3], [@B12]-[@B17]. NIR fluorescence (NIRF) of cyanine dyes can offer a potential capacity to achieve cancer imaging with minimal auto-fluorescence interference [@B3], which can provide ultrasensitive cancer detection and allow us to precisely photo-irradiate tumor for effective tumor growth inhibition as shown in our previous studies [@B17]. On the other hand, singlet oxygen is considered as a highly reactive oxygen species (ROS) in cells, which plays an important role in the damage of subcellular organelles [@B18]. However, the role of singlet oxygen from cyanine dyes such as ICG in intracellular delivery of anticancer agent is ignored, although its photodynamic effect has been evaluated [@B13]. Herein, we report a hierarchical micelle system assembling cyanine dye (ICG) and chemotherapeutic agent (doxorubicin, DOX) (I/D-Micelles) as a highly efficient platform integrating PTT and singlet oxygen-synergized chemotherapy for cancer eradication (Scheme 1/Figure [A](#FA){ref-type="fig"}). Upon photoirradiation, I/D-Micelles can induce a concentration-dependent hyperthermia and simultaneous generation of singlet oxygen at a relatively low concentration range. In particular, we for the first time demonstrated that singlet oxygen from permeable hierarchical micelles is able to trigger the destabilization of lysosomes upon photoirradiation, which maximize the accessibility of DOX to nucleus and subsequently synergize the cytotoxicity of DOX with PTT for cancer eradication.

Materials and methods
=====================

Materials
---------

β-benzyl-L-aspartate N-carboxyanhydride (BLA-NCA) was obtained from Enlai Biological Technology Company (Chengdu, China). mPEG-NH~2~ (12000 MW) was purchased from Jenkem Technology Company (Beijing, China). mPEG-*b*-PAsp was synthesized as mentioned method in the reference (The degree of polymerization of PAsp segment was calculated to be 56 according to ^1^H-NMR spectrum, [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1) [@B17], [@B19]. AO was purchased from Amresco. N-Methyl pyrrolidone (NMP), ICG and decylamine were obtained from Sigma-Aldrich. DHE was obtained from Wusheng Company (Shanghai, China).

Synthesis and preparation
-------------------------

mPEG-*b*-PAsp was reacted with decylamine in NMP at 45 °C overnight. Then, the solutions were dialyzed in the mixture of ethanol and water for removing excess amines and then were dialyzed in water. Finally, mPEG-*b*-PAsp(DA) was obtained by lyophilizing the dialyzed solutions, and their degrees of polymerization were calculated to be 52 according to ^1^H-NMR spectrum ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S2).

2 mg ICG, 2 mg DOX and 6 mg mPEG-*b*-PAsp(DA) were mixed at the ratio of 1:1:3 in the mixture (5 ml) of CH~2~Cl~2~ and triethylamine, and then the solutions were evaporated using rotary evaporator. Subsequently, the micelles were prepared by dispersing the evaporated mixture in de-ionized water and purified using centrifuge separation via ultrafiltration (Cut-off 100 K MW) at 4 °C. ICG-Micelles or DOX-Micelles were prepared by mixing mPEG-*b*-PAsp(DA) with ICG or DOX at the ratio of 4:1 according to same procedure, respectively. Free ICG/DOX was obtained by mixing ICG and DOX in PBS.

Characterization
----------------

Dynamic light scattering (Malvern, UK) was used to measure the hydrodynamic diameter of micelles at 25 °C. The absorbance and fluorescent spectrums of ICG or DOX were measured using UV-Vis Spectrophotometer (UV2600, Shimadzu) and Fluorescence Spectrophotometer (LS 55, Perkin Elmer), respectively.

Drug release
------------

The drug release behaviors of ICG and DOX from I/D-Micelles containing 0.3 mg ICG and 0.3 mg DOX were evaluated using dialysis method respectively, and free ICG/DOX in DMSOwas used as the control. The drug release was performed in air Constant Temperature Oscillator shaker at 37 °C. 100 ml PBS (0.2 M, pH 7.4) was used as the release medium, respectively. The samples (1.0 mL) were taken after 0.16, 0.3, 0.5, 1, 2, 4, 6, 8, 10 and 24 h with the replacement of an equal volume of fresh medium. UV-Vis spectrometer and Fluorescence Spectrophotometer were used to measure the concentrations of ICG and DOX in the samples, respectively.

Photothermal effect
-------------------

I/D-Micelles and free ICG/DOX (each 0.5 mL) at the concentrations of 1, 2, 5, 10, 25, 50, 75 and 100 μg/mL ICG were stored in the transparent plastic vials and then were irradiated at the excitation wavelength of 785 nm (1.5 W/cm^2^, FS-Optics, China). Simultaneously, the temperature of the solution was monitored during 200 s. PBS was used as the negative control in this experiment.

Cellular uptake
---------------

A549 cells were seeded on 24-well culture plates (3×10^5^ cells/well) and incubated overnight in DMEM containing 10% FBS. I/D-Micelles and free ICG/DOX (4 μg/mL ICG) were respectively applied to the wells. After 6 and 24 h incubation, the cells were washed 3 times using PBS. The cells were incubated with 0.5 mL trypsin (Sigma-Aldrich, USA) for 3 min at 37 °C, and then the cells were counted after centrifuge collection. The counted cells suffered from ultrasonication, and then ICG and DOX were further extracted from the cells using methanol. Finally, the concentrations of ICG and DOX were measured via UV-Vis and fluorescent assay, respectively. The results are presented as a mean and standard deviation obtained from 6 samples.

Flow cytometry
--------------

A549 cells (1.2×10^6^ cells/well) were seeded in 6-well plates. A549 cells were treated with PBS (Control) and the different inhibitors including chlorpromazine (inhibitor of clathrin-mediated uptake, 10 μg/mL), filipin (inhibitor of caveolae-mediated uptake, 5 μg/mL), and amiloride (inhibitor of macropinocytosis, 100 μg/mL) in serum-free DMEM medium for 1 h at 37 °C or 4 °C, respectively. Then, I/D-Micelles (4 μg/mL DOX/ICG) were further added to the medium for another 1 h incubation. Subsequently, the cells were washed 3 times using PBS, treated with trypsin, centrifuged at 4 °C, and finally suspended in 0.5 mL of PBS. The fluorescent intensity of DOX in cells was analyzed by flow cytometry (BD LSR II, NJ) after filtration.

Disruption of lysosomal membranes
---------------------------------

To evaluate the disruption of lysosomal membranes, AO was utilized as an intracellular indicator of acidic organelle integrity in A549 cells [@B17]. AO is a metachromatic fluorophore that becomes charged and is retained by proton trapping within acidic compartments. When normal cells were excited with blue light, AO in lysosomes emits an intense red fluorescence, while AO in nuclei and cytosol displays green fluorescence. When acidic compartments such as lysosomes is disrupted, the red fluorescence from AO disappears and only green fluorescence can be observed. In this study, A549 cells were seeded overnight on glass slides in 35-mm dishes, and treated with PBS and I/D-Micelles at the concentrations of 0.1 and 0.2 μg/mL ICG for 6 h, respectively. Then, the cells were incubated in fresh medium, followed by 3 min photoirradiation at 1.5 W/cm^2^. After 1 h, the cells were washed using PBS and fixed for 10 min using 1 mL mixture of methanol/ glacial acetic acid (3:1). Then, A549 cells were washed using PBS and further incubated with 6 μM AO (1.0 mL) for 15 min. The cells were washed 3 times with PBS before subjected to confocal microscopy imaging (Nikon Eclipse TE2000-E) with the excitation wavelength of 488 nm, and emission wavelengths from 515 to 545 nm (green) and from 610 to 640 nm (red).

MTT assay
---------

A549 cells were incubated with different formulations including free ICG/DOX, ICG-Micelles, DOX-Micelles and I/D-Micelles at various concentrations including 0.005, 0.12, 0.25, 0.5, 1.0, 2.0, and 4.0 μg/mL with or without photoirradiation (1.5 W/cm^2^) for 24 h, and then the cells were washed using PBS. After 24 h, the cell viability was evaluated using MTT assay. For photothermal injury, the cells were incubated with ICG-Micelles containing various concentrations of ICG for 24 h, and then suffered from 3 min photoirradiation at 1.0, 1.5 and 3.0 W/cm^2^. Subsequently, the cell viability was measured using MTT assay.

Trypan blue staining
--------------------

To validate cell injury, A549 cells were seeded overnight in 24-well plates, and then treated with PBS and I/D-Micelles at the concentration of 4.0 μg/mL ICG/DOX for 24 h, respectively. Then, the cells were incubated with fresh medium and then exposed to a 785 nm laser at 1.5 W/cm^2^. After 1 h, the cells were washed 3 times using PBS, followed by the addition of 0.2 mL trypan blue solution (0.1 wt %). Then, A549 cells were observed using an optical microscope after wash. Trypan blue dye molecules can easily penetrate plasma membranes of dead cells to stain the nuclei, but viable cells can not be stained.

Monitoring of singlet oxygen
----------------------------

Free ICG/DOX and I/D-Micelles containing various concentrations of ICG in PBS solutions containing 32.0 μg/mL DPBF (1.0 mL) were irradiated for 3 min at 1.5 W/cm^2^ for singlet oxygen measurement. The fluorescent spectrum was scanned from 450 to 565 nm using an excitation wavelength of 403 nm. Then, the fluorescence intensity at 485 nm was recorded. The solution of DPBF without ICG in darkness was used as the control.

DHE staining
------------

Reactive oxygen species (ROS) formation was monitored by fluorescence microscopy using dihydroethidium (DHE) as the indicator. Briefly, cells were seeded on 24-well plates at the density of 2×10^5^ each well and incubated with I/D-Micelles containing 0.1, 0.2 and 0.5 μg/mL ICG for 6 h. After the cells were washed 3 times using PBS, 0.2 mL DHE solution (5 μM, PBS) was added into the cells for 30 min at 37 ºC, simultaneously accompanying with or without 3 min photoirradiation (785 nm, 1.5 W/cm^2^). Then, the cells were washed twice using PBS, and observed using an optical microscope with the excitation of green light.

Hemolysis
---------

Rabbit blood was collected in a heparin-containing tube and centrifuged at 1500 rpm for 5 min to separate red blood cells (RBC) from plasma, which were washed and diluted with isotonic PBS at pH 7.4. The solutions of copolymer were incubated with 2% (v/v) RBC suspensions at 37 °C for 1 h at 0.4, 0.8, 1.2, 1.6, and 2.0 mg/mL, respectively. The unlysed RBC were removed by centrifugation, and the supernatant was analyzed by UV/Vis spectroscopy at 545 nm. The percentage hemolysis was determined using the following equation:
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where A~sample~, A~0%~ and A~100%~ represent the absorbance of the samples, the negative control (PBS) and the positive control (distilled water), respectively.

Biodistribution
---------------

A549 cells (1×10^7^ cells/each mouse) were subcutaneously injected into the flanks of female BALB/c nude mice (16-18 g) for constructing the tumor-bearing mice. Then, the tumor-bearing mice were injected intravenously with free ICG/DOX and I/D-Micelles at the dose of 7.5 mg/kg ICG/DOX, respectively. Then, the various tissues including heart, liver, spleen, lung, kidney and tumor were extracted from the mice at 24 h post-injection, respectively. Finally, the tissues were imaged using IVIS Lumina II with the excitation wavelength of 745 nm. The NIRF signals from I/D-Micelles in the tissues were calculated to describe the *ex vivo* biodistribution of ICG at 24 h. Subsequently, the tissues were further homogenized in 1.0 mL physiological saline for measuring the biodistribution of DOX. Methanol and chloroform were respectively used to extract DOX from the solutions. Finally, the samples were re-dissolved using methanol for HPLC analysis of DOX at the wavelength of 254 nm.

*In vivo* imaging
-----------------

A549 cells (1×10^7^cells/each mouse) were subcutaneously injected into the flanks of female BALB/c nude mice (16-18 g) for constructing the mice bearing A549 tumors. Free ICG/DOX and I/D-Micelles were intravenously into the above mice at the dose of 7.5 mg/kg ICG or DOX, respectively. Then, the mice were imaging using IVIS Lumina II with the excitation wavelength of 745 nm at 6, 24, 48, 96, and 144 h post-injection. The average NIRF intensity at tumor was calculated to describe the photon signals at tumor at different time.

*In Vivo* efficacy
------------------

A549 cells (1×10^7^cells/each mouse) were subcutaneously transplanted into the flanks of female mice [@B17]. When the tumors reached a size of 50\~70 mm^3^(about 10 days after transplantation), various formulations including PBS, free ICG/DOX, ICG-Micelles, DOX-Micelles, and I/D-Micelles were injected intravenously into the mice at the dose of 7.5 mg/kg ICG/DOX on day 0, 2, and 4, respectively. Subsequently, the tumors suffered from 5 min photoirradiation (1.0 W/cm^2^) or not at the wavelength of 785 nm at 24 h post-injection. The tumor volumes were measured to evaluate the anticancer efficacy of various groups. The tumor volume (V) was calculated as follows: V= L×W^2^/2, where W is the tumor measurement at the widest point, and L is the tumor dimension at the longest point. The tumor volumes are normalized against the original volumes at 0 day for monitoring the tumor growth. The mice were sacrificed by cervical dislocation under an anesthetic status after the experiments (26 days post-injection). The statistic difference was analyzed using t test where P value of \<0.05 is considered significant.

Results and discussion
======================

Synthesis, preparation and characterization
-------------------------------------------

To date, there are still some major drawbacks of cyanine dyes (e.g. ICG) for NIRF imaging and PTT including insufficient tumor accumulation and cell internalization, and quick elimination at tumor, which can cause insufficient imaging contrast and poor photothermal efficacy [@B13], [@B20]-[@B22]. Even though some nanocarriers such as polymeric nanoparticles and calcium phosphate nanoparticles have already been employed to incorporate cyanine dyes (e.g. ICG) to improve the photostability and target specificity for cancer NIRF imaging [@B3], [@B20], [@B22]-[@B24], most reports dealt with*in vitro* photothermal efficiency or *in vivo* efficacy *via*intratumor administration, rather than intravenous administration [@B7], [@B12], [@B14], [@B21]. Consequently, the nanostructure with superior cell internalization, enhanced tumor accumulation and retention capabilities is highly expected to provide an ideal strategy to achieve efficient co-delivery of ICG and DOX [@B25]-[@B27]. Polymeric micelles as clinically potential nanocarrier possess multiple advantages such as high loading capacity, good stability, sustained release, prolonged circulation, enhanced permeability and retention (EPR) effect and preferable cell internalization [@B28]-[@B32]. Here, the copolymer consisting of monomethoxy poly(ethylene glycol) and decylamine-grafted poly(l-aspartic acid) (mPEG-*b*-PAsp(DA)) was synthesized by ring-opening polymerization of β-benzyl L-aspartate *N*-carboxy-anhydride (BLA-NCA) with mPEG (12 kDa) and subsequent aminolysis of decylamine (Fig. [1](#F1){ref-type="fig"}) [@B19], [@B33]. ^1^H-NMR analysis confirmed the chemical structure of the copolymers ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1 and S2) and gel permeation chromatography measurement also confirmed this synthesis (*M~w~/M~n~*=1.08, data not shown) [@B17]. In order to evaluate the potential toxicity of mPEG-*b*-PAsp(DA), we evaluated the hemolysis of mPEG-*b*-PAsp(DA) by incubating with red blood cells for 1 h at different concentrations. The hemolytic percentage of mPEG-*b*-PAsp(DA) was lower than 5% at the concentration of up to 1.6 mg/mL (5% is considered as the threshold), indicating that this copolymer has a negligible hemolytic activity ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S3).

mPEG-*b*-PAsp(DA), ICG and DOX at the ratio of 3:1:1 were dissolved in the mixture of methanol and triethylamine. Then, the solution was evaporated into an uniform membrane, which was further dispersed into water and purified for the construction of ICG/DOX-loaded mPEG-*b*-PAsp(DA) micelles (I/D-Micelles). I/D-Micelles had the spherical morphology and average diameter of 71.4 nm with the polydispersity index of 0.2 ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S4). We evaluated the entrapment efficiency of ICG and DOX within the micelles using centrifuge tubes with 100 kDa membrane filters. 95.0% ± 0.8% ICG and 82.3% ± 0.8% DOX were entrapped within the micelles at the total drug loading level of 40%, exhibiting a superior drug loading capacity when compared with those of the existing nanoparticles [@B12], [@B20], [@B22], [@B24]. Most of the existing biodegradable polymers exhibit a relatively low drug loading capacity for the encapsulation of ICG [@B20]-[@B22], [@B24], This high loading might result from the hierarchical arrangement of amphiphilic ICG at the interfaces between micellar cores and aqueous phase. Possibly, the micellar cores with alkyl chains might perfectly assemble with the hydrophobic segment of surfactant-like ICG, in which its hydrophilic groups face the aqueous phase (Scheme 1/Figure [A](#FA){ref-type="fig"}).

The aqueous stability of ICG is a prerequisite for cancer therapy, and thus we evaluated the aqueous stability of ICG in I/D-Micelles at 25 °C. Fig. [2](#F2){ref-type="fig"}A and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S5 show that I/D-Micelles resulted in good stability of ICG in the absorbance and fluorescence at pH 4.5 and pH 7.4 for at least 48 h as compared to free ICG and DOX (ICG/DOX), indicating that the micelles can maintain a stable micellar structure in aqueous solution at acidic and physiological pH owing to the perfect encapsulation of ICG and DOX within the micelles [@B22], [@B34], [@B35]. It also implies that the micelles are able to protect double bonds in the hydrophobic segment of ICG from the degradation in acidic endocytic compartments at tumor owing to the hierarchical assembly of ICG within micellar cores.

To demonstrate the photothermal capacity of I/D-Micelles, we also evaluated their photothermal effect at various concentrations of ICG in aqueous solution. I/D-Micelles (0.5 mL) exhibited a quick increase of temperature from 25 °C to 42 °C in 200 s at the concentration of 2.0 µg/mL ICG upon 1.5 W/cm^2^ photoirradiation (Fig. [2](#F2){ref-type="fig"}B). PBS as a negative control did not trigger the increase of temperature. It indicates that I/D-Micelles at a relatively low concentration of ICG can quickly trigger hyperthermia during a short photoirradiation and higher concentrations can cause more significant hyperthermia, which plays a key prerequisite to trigger cell death (above 42 °C) [@B36], [@B37]. Additionally, I/D-Micelles also display superior photothermal capacity over free ICG/DOX, possibly owing to better stability of ICG in micelles ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S6) [@B38], [@B39]. Additionally, the encapsulated ICG within micellar cores might also trigger higher condensed concentrations as compared to free ICG, and thus result in higher energy efficiency and lower heat dissipation after irradiation, which finally contribute to the enhanced photothermal effect as well. Furthermore, we demonstrated the release behaviors of ICG and DOX from I/D-Micelles at pH 7.4 and 37 °C. The micelles resulted in sustained release of ICG and DOX as compared to free ICG/DOX (Fig. [2](#F2){ref-type="fig"}C and [2](#F2){ref-type="fig"}D), indicating that I/D-Micelles are advantageous to minimize undesirable release for achieving targeting effect.

Cellular uptake, endocytic pathways, and photothermal damage
------------------------------------------------------------

To demonstrate whether I/D-Micelles can be internalized by cancer cells, we evaluated their cellular uptake capability on A549 cells. Fig. [3](#F3){ref-type="fig"}A shows that I/D-Micelles significantly improved the cellular uptakes of ICG and DOX by 3 and 4 times after 6 h incubation compared to free ICG/DOX respectively, and 24 h incubation resulted in more significant 8-fold and 11-fold increases, indicating that the micelles can easily improve the cellular uptake of ICG and DOX [@B40]. The enhanced uptake can contribute to the intracellular accumulation of ICG, which is expected to reach 2.0 μg/mL for triggering the hyperthermia. Subsequently, the endocytic pathway of I/D-Micelles was further elucidated using flow cytometry, and several inhibitors of endocytosis including chlorpromazine, filipin, and amiloride were used to inhibit various endocytic pathways [@B41]. Fig. [3](#F3){ref-type="fig"}B shows that chlorpromazine at 10 μg/mL as an inhibitor of clathrin-mediated endocytosis resulted in the decrease of 60% in the cellular uptake of DOX ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S7), suggesting that I/D-Micelles were mainly internalized via a clathrin-mediated endocytic pathway, which plays a key role for the internalization of the micelles into cancer cells [@B41]. In addition, low temperature (4 °C) also triggered a significant decrease of cellular uptake of DOX, indicating that the endocytotic cellular uptake is also energy-dependent [@B42]. The clathrin-mediated pathway allows the micelles to undergo the endolysosomal transport for their intracellular delivery [@B40].

To examine the photothermal injury of I/D-Micelles on cancer cells, we incubated A549 cells with the micelles encapsulating ICG alone (ICG-Micelles) in the absence of DOX for 24 h, followed by 3 min photoirradiation. ICG-Micelles exhibited negligible cytotoxicity in the absence of photoirradiation and could be considered as a non-toxic agent (Fig. [3](#F3){ref-type="fig"}C). However, ICG-Micelles directly triggered severe photothermal damage on A549 cells upon photoirradiation (\~12 µg/mL IC~50~ at 1.5 W/cm^2^), which is also dependent on the irradiation intensity and concentrations of ICG (Fig. [3](#F3){ref-type="fig"}C) [@B12], [@B21]. It implies that I/D-Micelles can potentially trigger severe photothermal injury on cancer cells via the enhanced cellular uptake of ICG and subsequent destabilization of subcellular structure.

To further demonstrate the synergistic cytotoxicity of I/D-Micelles between photothermal effect from ICG and chemotherapy from DOX on cancer cells, we incubated A549 cells with various formulations for 24 h, followed by 3 min photoirradiation. ICG-Micelles exhibited a slight cytotoxicity against A549 cells upon photoirradiation at the relatively low concentration range (\<4 µg/mL) (Fig. [3](#F3){ref-type="fig"}D). Both the micelles encapsulating DOX alone (DOX-Micelles) and I/D-Micelles without photoirradiation had the IC~50~ value of about 0.5 μg/mL, indicating that the chemotherapy exhibits more obvious cytotoxicity at the similar low dose range. Importantly, I/D-Micelles displayed the IC~50~ value of 0.12 μg/mL upon photoirradiation, and possessed significant cytotoxic advantages over I/D-Micelles without photoirradiation, DOX-Micelles and free ICG/DOX [@B43]. The lower IC~50~ value is highly potential to improve the therapeutic index of anticancer agent owing to the enhanced susceptibility of cancer cells to the micelles. The cell death of I/D-Micelles was further validated by trypan blue staining of the nuclei in dead cells (Fig. [4](#F4){ref-type="fig"}), indicating that the cells suffered from severe damage from I/D-Micelles at a relatively low dose range [@B12], [@B43]. Obviously, I/D-Micelles exhibit synergistic cytotoxicity via a combinational photothermo-chemotherapy. However, I/D-Micelles at a low concentration of ICG (\<2 µg/mL) have a weak hyperthermia as Fig. [2](#F2){ref-type="fig"}B, so the synergistic cytotoxicity of I/D-Micelles is unlikely originated from hyperthermia in the dose range of 0.005\~2 µg/mL. Consequently, it is highly necessary to explore the key synergistic mechanism of I/D-Micelles other than photothermal therapy or chemotherapy. We hypothesize that the synergistic cytotoxicity is correlated with the generation of intracellular singlet oxygen from amphiphilic ICG [@B24], [@B44]-[@B46], which can trigger the disruption of lysosomal membranes via a photochemical internalization (PCI) effect, and subsequently induce enhanced susceptibility of cancer cells to DOX [@B44]-[@B46].

Generation of singlet oxygen
----------------------------

To validate the generation of singlet oxygen from ICG via photodynamic effect, we firstly monitored the generation of singlet oxygen in aqueous solution from I/D-Micelles using 1, 3-diphenyliso-benzofuran (DPBF) as a probe, which can specifically be quenched in the presence of singlet oxygen. Fig. [5](#F5){ref-type="fig"}A shows that I/D-Micelles began to generate detectable amount of singlet oxygen at a concentration of as low as 0.1 µg/mL upon photoirradiation, and exhibited a concentration-dependent production of singlet oxygen in aqueous solution, indicating that ICG is highly capable of inducing singlet oxygen at a low concentration. Additionally, the generation of singlet oxygen from I/D-Micelles was similar to that from free ICG/DOX (Fig. [5](#F5){ref-type="fig"}A). ICG exhibited negligible quenching of singlet oxygen, even though ICG was encapsulated within the micelles at a high drug loading. Possibly, amphiphilic ICG hierarchically arranges at the interface of micelles, and is able to directly release singlet oxygen into aqueous solution without significant quenching as illustrated in Fig. [5](#F5){ref-type="fig"}B. This hierarchical structure of ICG within micelles might be considered as a singlet oxygen-permeable structure.

To further validate the formation of intracellular singlet oxygen from I/D-Micelles, we observed the production of singlet oxygen in cells using dihydroethidium (DHE) as an intracellular reactive oxygen species (ROS) probe, which can emit red fluorescence signals inside cell nuclei after it is oxidized into 2-hydroxyehtidium by ROS [@B11], [@B47]. I/D-Micelles without photoirradiation as control group had no fluorescence, implying that I/D-Micelles cannot produce singlet oxygen in cells in the absence of photoirradiation (Fig. [5](#F5){ref-type="fig"}C). However, I/D-Micelles at the dose of 0.1 μg/mL ICG resulted in weak fuzzy fluorescence upon photoirradation (Fig. [5](#F5){ref-type="fig"}D), indicating that only a small amount of singlet oxygen were generated in cells at a low dose of ICG. Subsequently, red fluorescence was dramatically increased at higher doses of ICG (Fig. [5](#F5){ref-type="fig"}E and [5](#F5){ref-type="fig"}F), implying that more singlet oxygen were generated in the presence of the higher dose of ICG. It indicates that intracellular singlet oxygen was effectively generated and also exhibited a concentration-dependent increase in the dose range of 0.1\~0.5 μg/mL ICG, in which ICG is unable to cause hyperthermia. The generation of intracellular singlet oxygen was also validated by slight photocytotoxicity of ICG-Micelles at the low dose range (Fig. [3](#F3){ref-type="fig"}D). Obviously, the formation of intracellular singlet oxygen from I/D-Micelles at a low dose is essential in mediating the disruption of lysosomal membranes.

We further monitored the disruption of lysosomal membranes triggered by singlet oxygen from I/D-Micelles upon photoirradiation using acridine orange (AO) as an intracellular indicator, which can emit red fluorescence in intact acidic lysosomes, and display green fluorescence in neutralized cytosol and nuclei. The confocal laser scanning microscopy imaging shows that the acidic lysosomes in A549 cells treated with PBS displayed red fluorescence in the absence of photoirradiation, which was similar to those suffered from photoirradiation (Fig. [6](#F6){ref-type="fig"}A and [6](#F6){ref-type="fig"}B). It indicates that the lysosomal compartments were still stable in the absence of ICG regardless of photoirradiation. However, the red fluorescence from AO was remarkably decreased in the presence of I/D-Micelles containing 0.1 μg/mL ICG upon photoirradiation, and mostly disappeared when the dose of ICG reached 0.2 μg/mL (Fig. [6](#F6){ref-type="fig"}C\~6F). It indicates that I/D-Micelles at a low dose of ICG can effectively disrupt lysosomal membranes upon photoirradiation. Even though a few studies have reported that gold nanorods-mediated hyperthermia could trigger disruption of lysosomal membranes under strong irradiation [@B5], I/D-Micelles at a low dose range is not possible to trigger hyperthermia. Therefore, intracellular singlet oxygen from ICG possibly acts as a key role for the disruption of lysosomal membranes and thereof cytoplasmic delivery via PCI effect. Obviously, the disruption of lysosomes is highly advantageous to realize endolysosomal escape of I/D-Micelles into cytosol and potentially improve the accessibility of DOX to nucleus, which contribute to the synergistic cytotoxicity of I/D-Micelles.

Biodistribution and*in vivo*NIRF imaging
----------------------------------------

To demonstrate the biodistribution behavior of I/D-Micelles, we intravenously injected I/D-Micelles into the mice bearing A549 tumor and evaluated the concentrations of DOX and*ex vivo* NIRF intensities of ICG at various tissues at 24 h post-injection. Both ICG and DOX from I/D-Micelles were mainly distributed into tumor, liver, and kidneys at 24 h post-injection (Fig. [7](#F7){ref-type="fig"}A\~7B). I/D-Micelles resulted in 2.5-fold and 2.4-fold higher accumulations of ICG and DOX at tumors compared to free ICG/DOX respectively, which might be attributed to EPR effect of the micelles with small size [@B24], [@B29]. The enhanced accumulation of ICG at tumor is able to improve signal to noise ratio of imaging (Fig. [7](#F7){ref-type="fig"}C), which is a key prerequisite for improving imaging contrast. Additionally, Free ICG also exhibited a slight ability to accumulate at tumor site at this dose due to its amphiphilicity as shown in Fig. [7](#F7){ref-type="fig"}C. On the other hand, the enhanced accumulation of DOX at tumor and its lower distribution at heart might potentially achieve superior chemotherapy with lower adverse side effect as well.

To further demonstrate the capacity of I/D-Micelles for cancer imaging, we subsequently evaluated the *in vivo*NIRF imaging of I/D-Micelles on the mice bearing A549 tumors. I/D-Micelles were mainly distributed into liver, kidney, gastrointestinal tract and tumor at 6 h post-injection (data not shown), and exhibited a significant accumulation of NIRF signals at tumor at 24 h post-injection (Fig. [7](#F7){ref-type="fig"}D), which is in accordance with its biodistribution as shown in Fig. [4](#F4){ref-type="fig"}B. In particular, I/D-Micelles exhibited a relatively long-term retention of detectable NIRF signals at tumor during the imaging period of 6 d as compared to free ICG ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S8), accompanying with low noise from normal tissues such as liver, kidney and spleen after 24 h post-injection. Possibly, the enhanced accumulation of ICG at tumor without quick leakage and its quick elimination at normal tissues contribute to high SNR level at tumor [@B3], [@B17]. Obviously, I/D-Micelles possess good targeting capacity to tumor, which might allow us to detect the tumor at a high SNR level and achieve the good tumor localization for guiding subsequent photothermal treatment.

*In vivo*synergistic efficacy
-----------------------------

To elucidate the *in vivo* synergistic efficacy of theranostic micelles, I/D-Micelles were injected into the mice bearing A549 tumors at the dose of 7.5 mg/kg ICG/DOX, and then the tumors were irradiated at 1.0 W/cm^2^ for 5 min at 24 h post-injection. Subsequently, tumor volumes were measured for up to 26 days. The tumor volumes were normalized against their original volumes (0 day) for monitoring the tumor growth behavior (Fig. [7](#F7){ref-type="fig"}E). The control group with or without photoirradiation exhibited significant increase of tumor volumes by 10\~13 times compared to their original volumes ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S9), indicating that photoirradiation itself has a negligible influence on tumor growth in the absence of ICG and DOX. DOX-Micelles and I/D-Micelles without photoirradiation exhibited a similar inhibition effect on tumor growth, and their tumor volumes were increased by 3\~4 times after 26 days post-injection. Obviously, DOX in I/D-Micelles plays a key role for their anticancer efficacy, and ICG exhibits no therapeutic activity in the absence of photoirradiation. Even though DOX within I/D-Micelles or DOX-micelles was effectively delivered into tumors and achieved the enhanced chemotherapy compared to free ICG/DOX, the tumors suffering from chemotherapy alone still displayed the slow tumor growth without total eradication, indicating that some cancer cells survive from the chemotherapy. On the other hand, ICG-Micelles without photoirradiation also displayed a similar tumor growth behavior to that of control group and could be considered as a nontoxic agent. Interestingly, ICG-Micelles exhibited a significant photothermal injury on tumors upon photoirradiation, and triggered the necrosis and regress of tumors 4\~6 day post-injection. It indicates that the micelles effectively deliver sufficient amount of ICG into the tumor and thus induce severe hyperthermia, accompanying with the generation of singlet oxygen upon photoirradiation, which jointly trigger more lethal damage on cancer cells than the cytotoxicity of DOX-Micelles or I/D-Micelles without photoirradiation (Fig. [7](#F7){ref-type="fig"}F) [@B17]. But we subsequently found the obvious tumor re-growth during 14\~18 days post-injection, indicating that ICG-Micelles could not completely eradicate the tumors possibly owing to the proliferation of residual cells surviving from severe photothermal damage ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S9) [@B17]. The residual cells in tumor possibly fail to internalize sufficient ICG for achieving hyperthermia, and singlet oxygen from ICG at a low dose only triggered a slight photodynamic damage on these cells as shown in Fig. [3](#F3){ref-type="fig"}D. Most importantly, I/D-Micelles caused the necrosis and regression of tumors 4\~6 day post-injection upon photoirradiation, and simultaneously achieved complete tumor eradication without any re-growth after 16 days post-injection ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S9), which is superior to those of ICG-Micelles with photoirradiation, DOX-Micelles and I/D-Micelles without photoirradiation (P\<0.01) (Fig. [7](#F7){ref-type="fig"}F). I/D-Micelles without photoirradiation exhibited obvious residual tumor and subsequent re-growth, implying that the residual cells do not respond to the lethal dose of DOX due to their insufficient cellular uptake of the micelles. Because DOX and ICG in I/D-Micelles are co-delivered into tumor via the endocytosis of the micelles, we can deduce that the residual tumor surviving from chemotherapy might also have insufficient cellular uptake of ICG, which is difficult to trigger its lethal photothermal injury on the residual cells. Consequently, the synergistic efficacy of I/D-Micelles in the presence of photoirradiation possibly ascribes to the synergistic cyototxicity of I/D-Micelles with the IC~50~ value of 0.12 μg/mL triggered by singlet oxygen-mediated PCI effect at a low dose of ICG instead of photothermal injury of ICG on the residual cells. Singlet oxygen-mediated disruption of lysosomal membranes provides an effective pathway to transport more DOX to cytosol and nucleus, which can improve the susceptibility of residual cancer cells to DOX, and finally achieve the eradication of residual tumor. Generally, conventional strategies to combine two anticancer drugs or combine drug with other regimens such as radiation are frequently employed to improve anticancer efficacy. However, these strategies may trigger additional severe adverse side effects or resistance. As described in Fig. [8](#F8){ref-type="fig"}, the synergistic effect between cyanine dye and therapeutic agent is effective to achieve superior anticancer efficacy and can be considered as an emerging strategy to eradicate tumor without additional concerns of safety or resistance [@B11].

Conclusions
===========

In summary, we have developed a hierarchical micelle system for multimodal synergistic therapy guided by NIRF imaging. The micelle structure with alkyl chains can allow amphiphilic cyanine dye and anticancer drug to be assembled at a high drug loading, and result in the enhanced cellular uptake and tumor accumulation. I/D-Micelles can directly trigger severe photothermal damage on tumor upon photoirradiation. Simultaneously, the hierarchical assembly of cyanine dye at micelles can directly release singlet oxygen into aqueous environment, and then singlet oxygen-mediated disruption of lysosomal membranes is highly capable of triggering the synergistic cytotoxicity of anticancer drug with PTT for achieving tumor eradication without any tumor re-growth. More interestingly, the singlet oxygen-mediated synergistic mechanism can act as a popular strategy in multimodal therapy which is potentially able to synergize other therapeutic modalities such as photodynamic therapy for superior anticancer therapy.
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![**(Scheme 1)** Schematic illustration of highly efficient hierarchical cyanine-based micelles integrating photothermal therapy and synergistic chemotherapy for cancer eradication.](thnov04p0399g001){#FA}

![Synthetic route of mPEG-*b*-PAsp(DA).](thnov04p0399g002){#F1}

![(A) Relative UV absorbance of ICG at 785 nm in aqueous solution at pH 4.5 and 7.4 during 48 h, (B) change of temperature of 0.5 mL I/D-Micelles at various concentrations of ICG as the function of photoirradiation time (1.5 W/cm^2^), (C) release behavior of DOX from free ICG/DOX and I/D-Micelles in aqueous solution at pH 7.4, (D) release behavior of ICG from free ICG/DOX and I/D-Micelles in aqueous solution at pH 7.4.](thnov04p0399g003){#F2}

![(A) Amounts of internalized ICG and DOX by A549 cells after 6 h and 24 h incubation with free ICG/DOX and I/D-Micelles containing 4 μg/mL ICG/DOX, (B) relative fluorescent intensity of I/D-Micelles internalized by A549 cells treated with PBS (control), chlorpromazine (10 μg/mL), filipin (5 μg/mL), amiloride (100 μg/mL) at 37 °C, and PBS at 4 °C using *in vitro* flow cytometry analysis, (C) cell viability of A549 cells treated with I/D-Micelles at various concentrations under darkness, 1.0 W/cm^2^, 1.5 W/cm^2^, and 3 W/cm^2^ photoirradiation (3 min), respectively, (D) cell viability of A549 cells treated with various formulations including free ICG/DOX, ICG-Micelles, DOX-Micelles and I/D-Micelles at various concentrations without or with 3 min photoirradiation (1.5 W/cm^2^), respectively.](thnov04p0399g004){#F3}

![(A) Trypan blue staining image of A549 cells incubated with PBS under 3 min photoirradiation (1.5 W/cm^2^), (B) trypan blue staining image of A549 cells incubated with I/D-Micelles at the concentrations of 4 μg/mL ICG/DOX with 3 min photoirradiation (1.5 W/cm^2^).](thnov04p0399g005){#F4}

![Fluorescent intensity of DPBF after trapping singlet oxygen from I/D-Micelles and free ICG/DOX at various concentrations of ICG under 3 min photoirradiation (1.5 W/cm^2^) (A), proposed hierarchical arrangement of ICG at the interfaces of micelles (B), and fluorescent images of A549 cells treated with I/D-Micelles using DHE staining for singlet oxygen detection in absence of photoirradiation at the dose of 0.1 μg/mL ICG (C), I/D-Micelles under 3 min photoirradiation (1.5 W/cm^2^) at the dose of 0.1 μg/mL ICG (D), 0.2 μg/mL ICG (E), and 0.5 μg/mL ICG (F).](thnov04p0399g006){#F5}

![Observation of lysosomal disruption of A549 cells treated with I/D-Micelles with 3 min photoirradiation (1.5 W/cm^2^) using AO staining. The cells were respectively treated with PBS without photoirradiation (A), PBS with photoirradiation (B), I/D-Micelles containing 0.1 μg/mL ICG without photoirradiation (C), I/D-Micelles containing 0.1 μg/mL ICG with photoirradiation (D), I/D-Micelles containing 0.2 μg/mL ICG without photoirradiation (E), and I/D-Micelles containing 0.2 μg/mL ICG with photoirradiation (F), followed by AO staining. AO as an intracellular indicator emits red fluorescence in acidic lysosomes (610\~640 nm, red), and displays green fluorescence in neutralized cytosol and nuclei (515\~545 nm, green).](thnov04p0399g007){#F6}

![(A) Amounts of DOX from free ICG/DOX and I/D-Micelles in heart, liver, spleen, lung, kidney, and tumor of the mice at 24 h post-injection at the dose of 7.5 mg/kg ICG/DOX, respectively, (B) NIRF intensities and (C) *ex vivo* imaging of ICG from free ICG/DOX and I/D-Micelles in heart, liver, spleen, lung, kidney, and tumor of the mice at 24 h post-injection at the dose of 7.5 mg/kg ICG/DOX, respectively, (D) *in vivo* NIRF imaging of the mice bearing A549 tumor injected with I/D-Micelles at the dose of 7.5 mg/kg ICG/DOX at 1, 2, 4 and 6 day post-injection, respectively, (E) tumor growth inhibition profiles of the mice bearing A549 tumor injected with various formulations including PBS, free ICG/DOX, ICG-Micelles, DOX-Micelles, and I/D-Micelles at the dose of 7.5 mg/kg ICG on day 0, 2, and 4, followed by 5 min photoirradiation (1.0 W/cm^2^) or not at 24 h post-injection, respectively (n=3), (F) photos of the tumors extracted from the mice bearing A549 tumor at the end of the experiment (I/D-Micelles exhibited completely tumor eradication and ICG-Micelles displayed tumor re-growth, n=3).](thnov04p0399g008){#F7}

![Mechanism illustration of cyanine-based micelles as a multimodal platform for synergistic cancer therapy.](thnov04p0399g009){#F8}
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